Splenic marginal zone lymphoma (SMZL) is a rare non-Hodgkin's lymphoma that recently has been recognized as an entity. The first goal of this study was to identify potential chromosomal aberrations in this entity by cytogenetic analysis and comparative genomic hybridization (CGH). The second goal was to assess the frequency of 7q31-32 allelic imbalances in SMZL with primary involvement of the spleen and the typical immunophenotype (IgM؉; IgD dim ; and CD5؊, CD10؊, and CD23؊). We applied CGH and cytogenetics to 13 cases of SMZL with primary splenic involvement. By CGH, we found DNA copy number changes in 11 of 13 cases. Overall chromosomal gains were more frequent than chromosomal losses. Gains were most frequently detected for chromosome X, chromosome 3, and chromosome 18. Losses commonly involved chromosome 7 and chromosome 6. CGH and cytogenetic analysis showed a deletion in chromosome 7q31 in 4 cases. Loss of heterozygosity (LOH) analysis using three microsatellite markers located at 7q31 revealed LOH in 9 cases. Remarkably, 2 of the 4 cases that lacked a 7q31 deletion had an atypical immunophenotype because they were partially CD23 positive. The other 2 cases were not informative. The findings indicate that SMZL with primary splenic presentation and the typical IgM؉, IgDdim, CD5؊, CD10؊, CD23؊ immunophenotype is characterized by the presence of deletions in chromosome 7q31-32.
Splenic marginal zone lymphoma (SMZL) is a rare low-grade B-cell neoplasm that occurs mostly in middle-aged and elderly patients (1) . Similar cases had been described before as lymphocytic lymphoma with predominant splenomegaly (2, 3) . In the WHO classification, SMZL has been recognized as an entity with immunophenotypical features that are different from those of the other low-grade B-cell lymphomas (WHO). Most cases are IgM ϩ and IgD dim and lack expression of CD5, CD23, and CD10 (1) . The histological features of SMZL include infiltration of small atypical lymphocytes in the mantle zone and of medium-sized lymphocytes with pale cytoplasm and oval clear nucleus in the marginal zone, resulting in a mixed mantle-zone and marginal-zone involvement pattern. Some cases exhibit follicular colonization. Overall, there is a clear increase of white pulp, with more follicles per square area than normally seen, and red pulp infiltration also is frequently seen. Patients with SMZL frequently have bone marrow and peripheral blood involvement (4) .
Analysis of SMZL by cytogenetic and FISH approaches has revealed gains of chromosome 3 and 18; losses of chromosome 1, 3p, and 7q; and structural abnormalities of chromosome 8 and 14 (5) (6) (7) . CGH (comparative genomic hybridization) analysis of SMZL confirmed these results and in addition revealed gains of chromosome 5, 12, and 20 and losses of chromosome 17p (8, 9 ).
We performed cytogenetic and CGH analyses and a loss of heterozygosity (LOH) assay for the 7q31-32 region of 13 cases of SMZL with primary or exclusive involvement of spleen.
MATERIALS AND METHODS

Patient Samples
Thirteen cases of SMZL presenting with splenomegaly were selected for this study. These cases were diagnosed at the University Hospital Groningen, Groningen, The Netherlands or at the Cross Cancer Institute, Edmonton, Canada between 1990 and 2000. Cases with CD5 positivity or strong CD23 positivity were excluded. Two cases with only partial, weak CD23 positivity were included.
Immunohistochemistry was performed on frozen sections using standard protocols and the monoclonal antibodies anti-CD20, anti-CD5, anti-CD10, anti-IgM, anti-IgD, anti-(all from Dakopatts, Glostrup, Denmark), anti-(Becton-Dickinson, Franklin Lakes, NJ), and anti-CD23 (Novocastra Laboratories Ltd., Newcastle upon Tyne, United Kingdom). Relevant clinical data were retrieved from the medical records (see Table 1 ). Peripheral blood smears of all patients were analyzed for atypical lymphocytes. In 11 cases, atypical and/or clonal cells were detected in the peripheral blood using flow cytometry, morphology, or both (see Table 2 ). In two cases, no tumor cells were detected in the peripheral blood.
Cytogenetic Studies
A piece of macroscopically involved tissue was washed through with RPMI-1640 (supplemented with 15% FCS, glutamine, and antibiotics) and subsequently cut into small pieces in a small Petri dish filled with RPMI. The suspension was transferred to a tube and centrifuged for 10 minutes at 2000 ϫ g. About 25 ϫ 10 6 cells (counted on a cell counter) were added to 10 mL of culture medium (at least 2 cultures per case) and incubated for 24 hours in a 5% CO 2 incubator at 37°C. Cells were harvested after 24 hours, and chromosome preparations were made using standard cytogenetic techniques. The chromosomes were G-banded using Pancreatin 0.1% and Giemsa 10%. The remaining cell suspension was stored at Ϫ20°C. Cytogenetic analysis and the karyotype description was performed according to the ISCN 1995 (ISCN [1995] : An international system for human cytogenetic nomenclature, F.Mitelman, ed. S.Karger, Basel).
Metaphase Preparations for CGH
Normal metaphase spreads for CGH were prepared from phytohemagglutinin-stimulated cultured blood from healthy male and female individuals by standard procedures of colcemid arrest, hypotonic treatment, and methanol-acetic acid (3:1, v/w) fixation. Metaphase spreads were prepared fresh 1 day before use.
CGH
DNA was extracted from frozen tumor tissue blocks and from the full blood of healthy individuals using salt-chloroform extraction after proteinase K-SDS digestion according to standard methods. All tissue blocks used contained Ͼ70% tumor cells.
CGH was performed as described by Kallioniemi and co-workers (10) with some adjustments. Approximately 1 g of tumor DNA (test DNA) and 1 g of normal DNA (reference DNA) were labeled by nick translation using a biotin and digoxigenin labeling kit; Roche Molecular Biochemicals, Mannheim, Germany) with Biotin-16-dUTP and digoxigenin-11-dUTP. The size of the labeled fragments ranged from 400 -3000 bp, as assessed by agarose gel electrophoreses. Aliquots of 400 ng of labeled test DNA and control DNA were ethanol precipitated with 50-g unlabeled human Cot1 DNA (Invitrogen BV, Breda, The Netherlands) and 10 g of salmon sperm DNA (Sigma). The DNA mixture was dissolved in 15 L of hybridization mixture (50% deionized formamide; 2ϫ SSC; 10% dextran sulfate, pH 7.0). The hybridization mixture with the labeled DNA was applied to a normal male or female metaphase slide. A cover clip was added, and the slide was sealed with rubber cement. The slide with the DNA hybridization mixture was denatured at 74°C for 3 minutes and hybridized at 37°C during 72 hours. Posthybridization washes (three 5-min washes in 4ϫ SSC at 42°C and three 5-min washes in 0.1 SSC at 60°C) were performed before immunological detection. For immunological detection the slide was incubated with 10 L of streptavidin-FITC (Roche Molecular Biochemicals, Mannheim, Germany) and 10 L of anti-DIG-TRITC (Roche Molecular Biochemicals) in 4ϫ SSC, Tween-20, and 1% fat-free powdered milk over a 1-hour period to detect the biotin-labeled tumor DNA and digoxigenin-labeled normal DNA. After washing and dehydration, the slides were mounted with antifade solution containing 4,6-diamidino-2-phenylindole (DAPI) as counterstain (Vectashield; Vector laboratories, Burlingame, CA).
The grayscale images of the three different fluorochromes were captured using a Leica DMRA fluorescence microscope that was equipped with DAPI, FITC, and TRITC filters (Chroma, Brattleboro, VT); CCD camera (Cohu 4912 CCD camera, San Diego, CA); and the image-capturing program QFISH (Leica, Cambridge, England). The three captured images were combined, and pseudocolor was applied matching the original colors of the fluorochromes. The reversed DAPI image was used for chromosome identification. The ratio between the FITC (tumor) and TRITC (normal) fluorescence was calculated with use of the QCGH software program (Leica). For each case the mean of the individual ratio profiles of 6 -10 metaphase spreads was calculated. The three vertical lines at the right side of the ideogram (Fig. 1) represent the balanced state of the chromosomal copy number. The middle line was set at ratio 1.0, the upper threshold (right) was set at 1.15 for gain, and the lower threshold (left) was set at 0.85 for loss, as determined by control experiments using two normal DNA samples. Overrepresentations were considered as high-level amplifications when the fluorescence ratio values were Ͼ2.0. The centromeric regions; heterochromatin blocks of chromosomes 1, 9, and 16; the satellite regions of the acrocentric chromosomes; and the Y chromosome were excluded from analysis because of the abundance of highly repetitive DNA sequences.
LOH Analysis
Three microsatellite markers on chromosome 7q31-32 were used: D7S686, D7S685, and D7S487. , 30 sec at 57°C, and 30 sec at 72°C, followed by an additional step of 10 minutes at 72°C. We mixed 2.3 L of the PCR products with 2.5 L of deionized formamide and 0.2 L of ET-400R size standard (ϩ) cyto, CGH ratio was on borderline, cytogenetics showed deletion 7q22-32; AI, allelic imbalance, R, retention; PB, peripheral blood.
(Amersham Pharmacia Biotech) and separated on a MegaBACE 1000 capillary sequencer (Amersham Pharmacia Biotech). Results were analyzed using the Genetic Profiler v1.1 (Amersham Pharmacia Biotech). Allelic imbalance (AI) was determined by comparing the peak ratios of both alleles of the tumor DNA samples with the peak ratios of both alleles of a series of matched normal control samples. The peak ratio difference between control samples and tumor samples was considered to be an allelic imbalance if the peak ratio of the tumor sample was 50% higher or lower than the peak ratio of the control samples. We used 62 normal control DNA samples. All tumor samples were processed and analyzed in duplicate.
RESULTS
Clinical Data
The relevant clinical data of the 13 patients are summarized in Table 1 . The male to female ratio was 0.63. The median age was 56 years, ranging from 46 to 78 years. Bone marrow involvement was detected in 10 patients. In 10 patients, tumor cells could be detected in the peripheral blood by morphology. Treatment consisted of splenectomy without additional therapy in 6 patients. In 7 patients, splenectomy was performed with subsequent chemotherapy. Transformation to a diffuse large B-cell lymphoma during follow-up was observed in four patients (Cases 5, 7, 9, 11). Five patients died, including all four patients with transformation to large-cell lymphoma. Median survival was not reached after a median follow-up of 5 years.
The immunophenotype in tissue and peripheral blood of all cases is summarized in Table 2 . The CGH and cytogenetic results are summarized in Table 3 . CGH revealed DNA copy number changes in 11 of 13 cases (85%). In 1 case, 27 abnormalities were found with CGH. In Case 8, we identified a deletion of chromosome 7q31-q34 as the only abnormality by cytogenetics as well as CGH. The most frequent changes found (summarized in Table 4) were gains of chromosome X (4 cases), chromosome 3 (3 cases), and chromosome 18 (3 cases) and losses of chromosome 7 (4 cases) and chromosome 6 (2 cases). In one of four cases with gains of chromosome X, a trisomy X was detected, and in two of three cases with gains of chromosome 3, a trisomy 3 was found; the other cases showed gain of parts of chromosome X and chromosome 3. Deletions of chromosome 17p11 were found in Cases 5 and 13. All three cases with gains on chromosome 18 had trisomy 18. Overall, chromosomal gains (28ϫ) were more frequently found than losses (21ϫ). In none of the cases was a high-level amplification (ratio of Ͼ2) detected. Strong overrepresentation (ratio of Ͼ1.5) was found in two patients for chromosome X.
In 10 of 13 cases we obtained cytogenetic data (see Table 3 ). Cytogenetic data were confirmed by the CGH results. In 9 cases the cytogenetic data demonstrated clonal abnormalities, frequently consisting of different subclones.
In 11 of 13 patients, atypical cells were observed in the peripheral blood by morphology, flow cytometry, or both (see Table 2 ). A loss of 7q was found with CGH and cytogenetics in three splenic cases with, and in one splenic case without, peripheral blood involvement. A ratio profile of the four cases with loss of 7q is shown in Figure 1 .
The LOH results are summarized in Table 5 , and an example of a case with an allelic imbalance of 7q31-32 is shown in Figure 2 . Allelic imbalance was detected in 9 of 11 informative cases. The two exceptions were Case 9 and Case 12, which were the only cases with dim CD23 expression. Case 10 is of special interest because it showed a translocation (3;7)(q27;q32), and in the LOH assay an allelic imbalance of 7q31-32 was present. Also, Cases 1 and 11, which lacked chromosomal or CGH abnormalities, were found to have allelic imbalances of 7q31-32 by LOH. None of the cases showed translocations (11;18) or (1;14) as frequently encountered in marginal zone lymphomas of MALT, and also no cases with translocations (11;14) or (14;18) were found in this series of SMZL. A summary of gains and losses by CGH, the results of LOH analysis of 7q31-32, and the presence or absence of transformation to large cell lymphoma and of peripheral blood involvement are shown in Table 4 .
DISCUSSION
In the present study we analyzed 13 cases of SMZL to identify chromosomal abnormalities using CGH and cytogenetics. CGH is a technique that analyzes DNA copy number losses and gains across a genome (10) . In 11 of these 13 cases, abnormalities were found by CGH (86%), whereas in 2 cases no abnormalities were detected with CGH. In one of those two cases (Case 1), a loss of chromosome 19 was present in 4/24 metaphases with cytogenetics. In 8 of the 11 cases with abnormalities found by CGH, we also detected abnormalities with cytogenetics (see Table 3 for results). In most cases the cytogenetic data were comparable with the CGH data.
There are limited cytogenetic data available in the literature on SMZL. Some groups have performed cytogenetic analysis with the use of G-banding, FISH, and LOH, but only few cases of SMZL have been analyzed with CGH (5, 6, 8, 10,  14 -16 ).
The most frequent abnormalities found in this study were gains in chromosomes 3 (23%), 18, (23%) and X (31%) and deletions in chromosomes 7q (31%) and 6q (15%; see Table 4 for summary). In four cases we found gain of chromosome X or parts of chromosome X. Gain of chromosome X was found in both female and male patients. Presence of an extra copy of chromosome X is commonly found as a secondary abnormality in NHL and probably is not important in the pathogenesis of NHL (17) , although it may result in a growth advantage in some lymphomas (18) .
In three cases we found abnormalities of chromosome 3, including trisomies of chromosome 3 in two cases. Previous cytogenetic studies on SMZL have shown variable percentages of trisomy 3, which range from 18 to 54% of the cases (6 -7, 14, 19) . Although trisomy 3 is frequently found in marginal zone lymphomas of MALT, its exact role in the pathogenesis of SMZL is unknown. Recently it was proposed that there might be two forms of SMZL, one with gain of 3q and one with deletions at 7q; only one case in that study had a gain in 3q and a deletion in 7q (9) . In our study, none of the cases showed a combination of these two aberrations with CGH and cytogenetics; however, two cases with gain in 3q had allelic imbalance of 7q31-32 in the LOH assay. There were two cases with translocations involving 3q27, the chromosomal region of BCL-6. In Case 5, 3q27 was involved in a t(3; 17)(q27-29;q11-21), and in Case 8, it was involved in a t(3;7)(q27;q32).
We found trisomy 18 in three cases. Involvement of 18q21 is often associated with the t(11;18)(q21; q21) translocation; this translocation seems to be restricted to marginal zone lymphomas of MALT and has not been reported in SMZL (20, 21) . Strong overrepresentation of 18q21-23 in marginal zone lymphoma was reported to be associated with BCL-2 gene overexpression (8). We did not detect strong overrepresentation of chromosome 18.
In two cases we found a deletion in 6q. In both cases, chromosome region 6q24 was involved. This included one of the four cases with secondary transformation to large cell lymphoma. Del 6q23-24 is among the most frequently occurring secondary chromosomal abnormalities that is found in non-Hodgkin's lymphoma (17, 22) . Several studies have identified possible hotspots on chromosome 6q. Three minimal molecular deletion regions (RMD) were detected. RMD1 located on chromosome 6q25-q27 was associated with intermediate-grade NHL, RMD2 located at 6q21 was associated with high-grade NHL, and RMD3 located at 6q23 was associated with low-grade NHL with and without t(14;18). All three RMD areas are suspected to harbor tumor suppressor genes (23). In only one case (see Table 4 ) was gain of chromosome 18 found together with gain of chromosome 3. In two cases, we found a deletion of 6q24 in combination with a deletion of 7q31. The significance of these combinations is unknown. Comparing the abnormalities that are frequently found in chromosomes X, 3, and 18 and in chromosome 6q with clinical data like age, sex, bone marrow involvement, leukemic picture, stage, response to therapy, and survival did not reveal any obvious correlation. Four cases (Cases 5, 7, 9, and 11) underwent secondary transformation to a large-cell lymphoma. No correlation with any of the abnormalities in the primary lymphoma was found. However, the transformed cases included four of the five deceased patients.
By using CGH, we found a deletion of chromosome 7q ranging from 7q31 to 7q35 in four cases. In Case 3 (see Fig. 1 ), the ratio profile line is located on the loss borderline, whereas cytogenetic results showed a deletion of chromosome 7q21-32. This borderline loss is probably caused by the high percentage of normal cells in the tumor sample, which leads to averaging of the ratio profile. Del 7q is an abnormality that is often found in SMZL, SLVL, acute myeloid leukemia (AML), myelodysplastic syndromes (MDS), and prostatic cancer (8, 9, 12, 24, 25) . In MDL, AML, and prostatic cancer, a correlation of the occurrence of del 7q32 and tumor progression has been reported (24, 26) . A deletion of 7q was reported in three of five cases of a possible aggressive variant of SMZL, and it was suggested that a deletion of 7q31-32 is a marker for a more aggressive behavior of SMZL (26) . In a recent study, approximately half of the cases of SMZL were found to have unmutated IgVH genes, and these cases were found to have relatively frequent 7q deletions and an adverse clinical course (27) . In our study, no correlation was found between the occurrence of loss of 7q31-32 and a more aggressive behavior.
A microsatellite analysis was performed in all cases to determine the presence of allelic imbalances at 7q31-32 in cases that were not detected or that were not detectable because of the small size of the deletion by CGH and cytogenetics. LOH of 7q31-32 was detected in 9 of 11 informative cases. CGH and cytogenetics detected loss of 7q31 in four cases that also showed allelic imbalance for at least one of the three microsatellite markers. It is of interest that the two cases with a slightly aberrant immunophenotype, Cases 9 and 12, which had CD23 expression on part of the cells in the spleen as well as in the circulating cells, were the only two cases with no allelic imbalance. The two cases that were not informative (Cases 5 and 13) were the only two cases with a 17p deletion. Deletions in 17p that may include p53 are associated with progressive disease and poor response to therapy in several types of NHL (28) . Case 5 was indeed one of the four cases that transformed to a large-cell lymphoma. Case 13 had extensive lymph node involvement in addition to splenomegaly. In the literature, a frequency of 10 to 15% has been reported for p53 abnormalities in SMZL or SLVL. Gruszka-Westwood et al. (29) found abnormalities in approximately 15% of SLVL cases, and these had a more aggressive disease course and prognosis. Sol Mateo et al. (30) investigated p53 mutations in 20 SMZL patients and found p53 mutations in 2 cases. Camacho et al. (31) described 12 cases of SMZL transforming to large B-cell lymphoma and detected p53 inactivation in only 1 case. The low frequency of 17p deletions observed in our transformed SMZL cases is in concordance with these results. On the other hand, Baldini et al. (32) found p53 mutations in 6 of 15 (40%) nonvillous SMZL cases and concluded that this was associated with poor prognosis. However, this study from 1994 included 7/15 cases with CD5 and/or CD23 expression, and of the 6 cases with p53 mutations, 4/6 had CD5 and/or CD23 expression. These cases would not have been included in more recent series of SMZL (29 -31) .
The nature of the putative suppressor gene involved in the 7q deletion is not known. Several studies have tried to narrow the common deleted region (CDR) on chromosome arm 7q. Mateo et al. (12) located the highest incidence of LOH at microsatellite D7S487, located at chromosome region 7q31-32, and Gruszka-Westwood et al. (33) found the CDR to be in chromosome region 7q32-33. It is now clear that it is not the CDK6 gene that is located at 7q21 and was previously thought to be involved in the pathogenesis of SMZL (34) . It is of interest, however, that 7q31-35 deletion as the only chromosomal abnormality, as in Case 8, or 7q31 allelic imbalance, as in Cases 1 and 2, which had normal karyotypes by CGH and cytogenetics, are apparently sufficient to cause the proliferation of monoclonal marginal zone cells. Also of interest is the finding of a t(3;7)(q27;q32) in Case 10 that involves 3q27, the region of bcl6 and 7q32 as breakpoints.
Splenic lymphomas with CD5 or strong CD23 positivity lacked 7q31-32 deletion and/or allelic imbalance and were excluded from this study. The two cases with partial CD23 positivity that were included also lacked 7q31-32 deletion and/or imbalance. It can be concluded that SMZL presenting with prominent splenomegaly and the characteristic CD5Ϫ, CD10Ϫ, CD23Ϫ IgM ϩ , IgD dim immunophenotype is a separate entity that is characterized genetically by 7q31-32 allelic imbalance.
